A simple spectrophotometric system, based on a prolonged pseudo-liquid drop device as an optical cell and a handheld charge coupled device (CCD) as a detector, was constructed for automatic liquid-liquid extraction and spectrophotometric speciation of trace Cr(VI) and Cr(III) in water samples. A tungsten halogen lamp was used as the light source, and a laboratory-constructed T-tube with two open ends was used to form the prolonged pseudo-liquid drop inside the tube. In the medium of perchloric acid solution, Cr(VI) reacted with 1,5-diphenylcarbazide (DPC); the formed complex was automatically extracted into n-pentanol, with a preconcentration ratio of about 5. The organic phase with extracted chromium complex was then pumped through the optical cell for absorbance measurement at 548 nm. Under optimal conditions, the calibration curve was linear in the range of 7.5 -350 µg L -1 , with a correlation coefficient of 0.9993. The limit of detection (3σ) was 7.5 µg L -1 . That Cr(III) species cannot react with DPC, but can be oxidized to Cr(VI) prior to determination, is the basis of the speciation analysis. The proposed speciation analysis was sensitive, yet simple, laboreffective, and cost-effective. It has been preliminarily applied for the speciation of Cr(VI) and Cr(III) in spiked river and tap water samples. It can also be used for other automatic liquid-liquid extraction-spectrophotometric determinations.
Introduction
Liquid-liquid extraction (LLE) is among the oldest preconcentration and/or matrix separation techniques in analytical chemistry. 1 However, conventional LLE consumes large amounts of hazardous organic solvent. Besides, the operation procedure is time-consuming and laborious. Therefore, techniques aimed at overcoming these drawbacks have been developed, for example, flow injection extraction (FIE), 2, 3 solid-phase extraction (SPE), 4, 5 and solid-phase microextraction (SPME). [6] [7] [8] FIE was first described in 1978 independently by Karlberg and Thelander 2 and by Bergamin et al. 9 In the conventional FIE procedure, the sample is injected into aqueous carrier stream that is merged with suitable reagent streams. After the segmented stream passes through a coil in which extraction occurs, the organic phase is separated from the aqueous phase and led through a flow cell for measurement. Both segmentation and phase separation are critical aspects of the FIE technique with respect to reliability and precision. If the absorbance of the organic phase can be accurately measured with automated phase separation and on-line mode, the operation of LLE will be simpler and more labor-effective.
The use of a single-drop in facilitating chemical and physical measurements was observed over a century ago by Tate 10 and later described in further detail by Rayleigh. 11 Moreover, the liquid drop was widely used in dropping mercury electrodes and then to measure the surface tension of liquids. 12 Since then, the liquid drop technique has attracted many peoples' attention due to its special characters. The unique features of a liquid drop and its value for analytical systems are illustrated through a series of novel liquid drop-based systems: windowless optical cell, [13] [14] [15] micro liquid handling vessels, 16 ,17 renewable gas samplers, 18 and simple sample introduction interfaces. 19 The unique features of a liquid drop include its reproducibility, renewability, defined volume, and lack of containment walls. 20 Besides, owing to the volume of a liquid drop being only a few microlitres, a high enrichment factor can be obtained easily by using single-drop extraction (SDE). 1, [21] [22] [23] [24] [25] [26] However, the length of the optical path of a liquid drop is quite limited; thus it cannot provide sufficient sensitivity in the spectrometric determination. Therefore, to prolong the length of the optical path of a drop, a prolonged pseudo-liquid drop using a T-tube was developed in our laboratory. 27 Due to the growing awareness of the strong dependence of the toxicity of heavy metals upon their specific chemical forms, the interest has been increased in metal speciation analysis. For example, chromium speciation is of great interest from an environmental point of view, owing to the different toxicities of Cr(VI) and Cr(III) species. Chromium is widely distributed in nature, i.e., in rocks, plants, animals, soil, water and volcanic dust and gases, 28 and is heavily used in industry. 29 It is well known that Cr(III) is a trace element essential for the proper functioning of living organisms and is indispensable in the metabolism procedure of glucose and lipid mammals. 30 On the contrary, Cr(VI) is a toxic species and can easily penetrate the cell wall and exert its noxious influence on the cell, causing carcinogenic effects. Speciation of chromium often involves a separation step, such as ion exchange, electrophoresis, 33, 34 nano-material micro-column separation, 35 and SPE. 36 Various methods can be used for subsequent determination, for instance, spectrophotometry, 28 atomic absorption spectrometry (AAS), 31, 36 inductively coupled plasma atomic emission spectrometry (ICP-AES), 35 and inductively coupled plasma mass spectrometry (ICP-MS). 34 The aim of the present work is to construct a simple and inexpensive instrument for automatic LLE and spectrophotometric speciation of Cr(VI) and Cr(III) in water samples, by using the prolonged pseudo-liquid drop and a handheld CCD spectrometer.
Experimental

Reagents
All chemicals used were of analytical grade unless specified otherwise. Double distilled water (DDW) was used throughout. DPC (Kelong Chemical Reagents Co., Chengdu, China) was used as the chelating agent to form colored complexes with Cr(VI). The chelating solution of 0.7% DPC (m/v) was obtained by dissolving 0.7000 g DPC in acetone and diluting to 100 mL with acetone. 4.3 mol L -1 perchloric acid (Dongfang Chemical Reagents Co., Tianjing, China) was used to provide acidic conditions for the formation of the complex. 5 g L -1 of potassium permanganate, 200 g L -1 of carbamide, 20 g L -1 of sodium nitrite (all from Kelong Chemical Reagents Co.,) were used for the oxidation of Cr(III) to Cr(VI). And n-pentanol (Kelong Chemical Reagents Co.,) was used as extractant. All the containers used were soaked in 5% HNO3 overnight and rinsed by DDW prior to use.
A standard stock solution of 1000 mg L -1 Cr(VI) was prepared by dissolving 0.2829 g of potassium dichromate (The Second Chemical Reagents Co. of Waigang, Shanghai, China) in DDW and diluting to 100 mL. A standard stock solution of 1000 mg L -1 Cr(III) was prepared by dissolving 0.7696 g Cr(NO3)3·9H2O (Tianda Chemical Reagents Co., Tianjing, China) in DDW and diluting to a final volume of 100 mL. To construct calibration curves (at least five points), we prepared working standard solutions of Cr(VI) and Cr(III) by stepwise diluting the stock solutions prior to use. Figure 1 shows the design of the laboratory-constructed instrumentation, with the major components summarized in Table 1 . The radiation from tungsten halogen lamp firstly passes through a diaphragm, which wards off most of the scattering light. Then the parallelized light beam is collected by a fused-silica lens and focused into the entrance port of the Ttube. After passing through the prolonged pseudo-liquid drop, the light is collected by another fused-silica lens and focused into the entrance slit of the CCD spectrometer. This CCD spectrometer covers a spectral range from 340 nm to 790 nm, and is readily connected to a desktop computer via a USB cable. The data are collected and saved using the manufacturer's default software (CTSpec-CR11.100), and subsequently processed with Microsoft Excel.
Instrumentation
The prolonged pseudo-liquid drop forms inside the open-end T-tube; the schematic diagram of the formation process of a prolonged pseudo-liquid drop is depicted in Fig. 3 . The T-tube is made of glass. A hollow tube (2 mm i.d.) is connected to the middle of the T-tube for organic solution to flow in, and two affiliated pipes (1 mm i.d.) are set at the ends of the tube for organic solution to flow away smoothly. Organic solution driven by a peristaltic pump continuously flows into the T-tube to keep renewing the "liquid drop".
Operation procedures
Before the LLE procedure, 1 mL sample was pipetted to a 25-mL volumetric flask, and 1 mL 0.7% DPC and 1 mL 4.3 mol L -1 perchloric acid were added; the color reaction occurred immediately at room temperature. The developed solution was diluted to the 25 mL mark with DDW for the subsequent LLE procedure.
For LLE, we simultaneously pumped the developed solution at the flow rate of 3.4 mL min -1 and n-pentanol of 0.7 mL min -1 into the merging coil for 3 min, with total volume of sample solution and n-pentanol of about 10 mL and 2 mL, respectively. The LLE occurred in the merging coil. Then, the mixture was propelled at a flow rate of 3.4 mL min -1 to the phase separator. Owing to the lower density of organic solvent compared to the aqueous solution, the mixture was delaminated automatedly in the phase separator. After the automated delamination was finished, the supernatant organic solution was carefully further propelled into the T-tube, with a fixed carrier flow rate of 0.5 mL min -1 . The organic phase then formed a prolonged pseudoliquid drop inside the T-tube, and subsequently flowed away through the two affiliated pipes of the T-tube. Meanwhile, the transmitted light intensity at 548 nm was recorded by the CCD. As shown in Fig. 4 presence of Cr(VI), respectively, K is a constant, and C the concentration of Cr(VI).
As for the samples, two tap water samples were taken from our lab, and two river water samples were taken from Funan River near Sichuan University. The samples were directly spiked with Cr(VI) and Cr(III) prior to analysis (Cr concentration is below the limit of detection for these two samples). For oxidation of Cr(III), 37 1 mL KMnO4 and 3 mL HClO4 were added to a 50 mL beaker containing appropriate amounts of Cr(III) and Cr(VI) in the spiked sample, and then the beaker was heated on the hot plate to finish the oxidation and vaporize some excess amount of water. Then, the beaker was removed from the hot plate and cooled to room temperature before 1 mL carbamide was added to the beaker; NaNO2 was added dropwisely until the solution turned to colorless. The solution was then transferred to a volumetric flask and diluted to 25 mL with tap or river water as the sample matrix for the determination of total chromium.
Results and Discussion
Absorbance spectra Figure 2 shows that the formed chromium complex has a broad-band absorption spectrum from 375 nm to 650 nm, with a maximum at 548 nm. Therefore, 548 nm was chosen for use. Figure 3 illustrates the formation process of the prolonged pseudo-liquid drop inside the T-tube. The pseudo-liquid drop in Fig. 3a is in the initial stage when the organic phase enters the T-tube from the middle tubule, both ends of the pseudo-liquid drop are convex during this stage, which is caused by the equilibrium between three forces: the driving force from the pump, the surface tension of liquid, and the resistance of mass transmission in the inner wall of the T-tube. The directions of the latter two forces are the same, but are contrary to that of the driving force. When the liquid surface reaches the affiliated pipes (Fig. 3b) , the end of the pseudo-liquid drop becomes even more convex which is due to the increased surface tension of the liquid.
Formation procedure of the prolonged pseudo-liquid drop
Because at this point, resistance of mass transmission becomes smaller, the surface tension must increase in order to keep the equilibrium. As the resistance continues to decrease, the surface tension increases to a maximum; then the liquid inside the T-tube begins to flow out from the affiliated pipes in drops and the liquid surface changes to concave, as shown in Fig. 3c . From now on, the shape of the pseudo-liquid drop cycles from c to b periodically, and this results in the periodical change of the spectra recorded by the CCD (Fig. 4) . The average length of a pseudo-liquid drop was 30 mm, which is 3 times longer than that of the quartz optical cell of a commercial spectrophotometer.
Optimization of factors for chemical reaction
In this work, DPC was used as the chelating agent due to its high selectivity to the formation of metal complexes. 38 We tested a series of concentrations of DPC on the spectrophotometer, and the results showed that the absorbance varied slightly in the testing range. This again confirmed that DPC was a good choice for coloring Cr(VI). For the sake of reagent saving and ease of operation, 1 mL DPC was used for the subsequent experiments. Acidic concentration is another critical parameter for the coloring reaction. In this work, perchloric acid was chosen according to Ref. 38 . The result of the perchloric acid concentration optimization was the same as that of DPC, i.e., absorbance did not vary much when changing the concentration of perchloric acid. However, the coloring reaction could not occur in the absence of acid. According to the same reasons, 1 mL of perchloric acid was selected for providing the acidic medium of coloring reaction.
Optimization of factors affecting extraction efficiency
For one to preconcentrate as efficiently as possible, the phase ratio of n-pentanol phase to the aqueous phase needs to be optimized. The flow rate of the aqueous sample was fixed at 3.4 mL min -1 . By alternating the flow rate of the organic solvent, from 0.5 mL min -1 to 0.9 mL min -1 , the optimal phase ratio (equivalent to a phase ratio of 5) was achieved at the flow rate of 0.7 mL min -1 for the best absorbance and reproducibility. Another parameter influencing the extraction efficiency is the length of the merging coil. As shown in Fig. 5 , the maximum 1191 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 Fig. 2 Absorption spectrum of the colored chromium complex. Fig. 3 The formation process of a prolonged pseudo-liquid drop inside the T-tube. Fig. 4 The temporal intensity at 548 nm recorded by the CCD for the calculation of absorbance. The upper trace was used as I0 when a blank was used, and the lower trace as It when the analyte [Cr(VI): 150 µg L -1 ] was present. The peak absorbance was used for quantification.
absorbance occurred at 58 cm, which was selected for use.
Analytical figures of merit
Limit of detection and linear dynamic range. The linear dynamic range was from 7.5 to 350 µg L -1 for Cr(VI) with a correlation coefficient of 0.9993. The limit of detection, based on 11 measurements of a blank solution and 3σ criterion, was 7.5 µg L -1 , very close to those achieved by flame atomic absorption spectrometry (3 µg L -1 ) and inductively coupled plasma atomic emission spectrometry (2 µg L -1 ). 39 Interferences. The potential interference of foreign ions in the determination and speciation of chromium by the proposed method was studied by using a fixed concentration of 0.2 µg mL -1 Cr(VI) and various concentrations of each foreign ion. If any interference occurred, the ratio was gradually lowered until the interference disappeared. The tolerable limit was taken as the amount causing an error within ±5% in the absorbance, in comparison with that of 0.2 µg mL -1 Cr(VI) standard solution alone. The results are listed in to eliminate its interference. 33 On the other hand, the concentration of V 5+ in most water samples is lower than this level.
Preliminary application
The water pollution resulting from industry is a problem in China and many other countries, and the government is required to monitor Cr(III) and Cr(VI) in drinking water and river water. The proposed method was therefore applied for the speciation of chromium in tap water and river water, with analytical results listed in Table 3 . Chromium concentrations in the two samples are lower than the limits of detection. The recoveries of the spiked samples are in the range of 94 -108%.
Conclusion
With the laboratory-constructed system, LLEspectrophotometry is automated for the chromium speciation analysis. It is simple, labor-effective and cost-effective. The prolonged pseudo-liquid drop was a reproducible, renewable, stable, and windowless optical cell for the LLEspectrophotometry. The length of the optical path was prolonged, and thus the sensitivity improved. This method takes the advantages of FIA and liquid drop techniques, and it is potentially useful in chromium speciation of water samples. 
River water
A ± 3SD = average ± 3 × standard deviation of three replicates.
